Abstract Captive Octopus vulgaris adults were fed three mono-diets based on pilchard, crab and squid and allowed to grow until reproduction under controlled temperature. Spawns from each dietary treatment were isolated, and the embryonic development, egg length, width and wet weight, in addition to neonate dry weight, dorsal mantle length and ventral mantle length were monitored. Pilchard-diet spawns developed faster in terms of thermal time. Initial egg wet weight was higher for squid and crab diets. Irrespective of the parental diet, eggs passed through a swelling process so that egg width and wet weight increased in a nonlinear way, whereas egg length was left nearly unaffected. Egg length and initial wet weight showed a high correlation with neonate dry weight. Egg length, even at advanced incubation, can be used as a good proxy for neonate dry weight, this fact having potential implications for the ecological and aquaculture research on O. vulgaris.
Introduction
The variation of egg size and its correlates is a recurrent research subject in ecology (Hutchinson 1978; Begon et al. 1996; Koops et al. 2003) . Nevertheless, limited environmental or experimental research on egg size has been conducted in cephalopod species. Factors like female size in intra-species comparisons (Laptikhovsky and Nigmatullin 2005) , or habitat and mode of life of the hatchlings in inter-species comparisons (Boletzky 1977) , partially account for egg size variation, and a West-East differentiation in egg size has been found for some species of the superfamily Argonautoidea in the Mediterranean Sea (Laptikhovsky and Salman 2003) . Because yolk synthesis depends upon female metabolism, maternal diet can be thought of as an important factor on cephalopod egg size, but the experimental evidence is controversial. The investigation of the effect of food ration on the reproductive output of the small, multiple-spawning sepioid Idiosepius pygmaeus, resulted in significant differences in the number of egg batches per female, total number of eggs laid and dry weight of the total number of eggs laid, but no difference in the average dry weight per egg was found (Lewis and Choat 1993) ; on the contrary, food ration had a significant effect on Euprymna tasmanica egg volume: those ones from high-ration females being larger . Parental diet quality during first feeding has been proven to be an important factor determining egg and hatchling wet weight in Sepia officinalis, since breeders fed a mysid-based diet during the first 20 days of the life cycle produced larger eggs and hatchlings than those ones fed an Artemia-based diet (Domingues et al. 2001) . No comparable data are available on Octopus vulgaris, although being a second model species in cephalopod research. The natural diet of adult O. vulgaris mainly comprises decapod crustaceans, molluscs (including cannibalism) and fish, but a seasonal or habitat-related dietary pattern arises from the analysis of stomach contents or near-den food discards (Caveriviére 2002) . Given these data, it is pertinent to investigate the variation in O. vulgaris egg size and whether maternal diet could partially account for the potential variability. This is one of the aims of the present work.
To investigate egg size in cephalopods, the egg-swelling process taking place during the embryonic development should be taken into account. Such a fact is a general feature of cephalopod embryonic development, since it has been proven for a wide range of species: Sepia subaculeata (Choe, 1966) , Idiosepius pygmaeus (Natsukari 1970), Sepiella japonica (Gomi et al. 1986 ), Loligo vulgaris and Loligo forbesi (Boletzky 1987) , Sepia officinalis (Bouchaud and Daguzan 1990) , Todarodes pacificus (Bower and Sakurai 1996) , Illex argentinus (Sakai et al. 1998) , Illex coindetii (Villanueva et al. 2011) , Octopus mimus (Warnke 1999) , Sepia apama (Cronin and Seymour 2000) , Loligo sanpaulensis (Barón, 2003) , Sepiotheutis australis (Steer et al., 2003) , O. vulgaris (Silva and Vidal 2006) , Dosidicus gigas (Staaf et al. 2008) and Robsonella fontaniana (Uriarte et al., 2009) . A 68 % increase in wet weight was attained by O. vulgaris eggs incubated for 21 days at 24°C, whilst dry weight remained nearly constant (Silva and Vidal 2006) . The swelling process usually begins at mid or late embryonic development; the earlier stages are nearly constant in size and/or weight, or they go through a shrinking process in the case of some sepiid species (Choe 1966; Gomi et al. 1986; Bouchaud and Daguzan 1990) .
Swelling and shrinking processes can potentially erode size variation patterns related to environmental or experimental factors. In the present article, this topic has been investigated by means of two physiological time scales: the Naef scale of embryonic development (Naef 1928) which is a discrete scale based on the embryo morpho-anatomy, and a continuous 'thermal time' scale. In ectotherms, passing of physical time is not meaningful by itself without a reference to temperature; this is why a combination of physical time and temperature, called 'thermal time', is ubiquitously used in the field of entomology to describe processes such as egg development. Thermal time can be briefly defined as the product of time and temperature above a certain temperature threshold (th) for which the process rate is null (Jarosik et al. 2004 ). In addition, thermal time scales are based on the existence of linear relationships between process rates and thermal time; under these conditions, it is possible to remove much of the variation in the process rate due to temperature. In relation to embryonic development, some discussion exists about the underlying nature of the function linking the process rate and thermal time, but it is generally accepted that such a function fits quite well into a linear pattern (Charnov and Gillooly 2003) .
In the particular case of cephalopod eggs, thermal time scales are scarcely used (but see Uriarte et al. 2012) , although morpho-anatomical scales of the embryo are excellent physiological-temporal references for biochemical processes taking place during the embryonic development. Nevertheless, there is no clear reason for the underuse of the concept of thermal time in cephalopod research, and in addition, research questions concerned with the rate or duration of the embryonic development will be much more easily treated and understood in terms of thermal time, specially when faced with a scenario of global warming. Since the present investigation is concerned with questions about the course of the incubation process or of the egg biometry, a thermal time approach was applied to obtain appropriate descriptions on a temperature-independent basis, provided that the variation of initial egg size is marginally important in this case (Steer et al. 2002) .
The relationship between egg size and newly hatched individual size, within or among species, has been extensively researched in fishes, leading to a general positive correlation (Coleman and Galvani 1998; Chambers and Leggett 1996) . Environmental studies have shown that patterns of fish larval size can follow seasonal or latitudinal clines of temperature (Llanos-Rivera and Castro 2004; Hinckley 1990 ). Such variability is partially explained by maternal genetic background homozygosity in Oreochromis niloticus (Müller-Belecke 2005) . In the case of cephalopods, it is well known that egg size is positively correlated to newly hatched individual size when comparing different species and that size at hatching is strongly associated with habitat and mode of life of young specimens (Boletzky 1977) . Nevertheless, since inter-species comparisons are expected to be dependent on variation in adaptations gained through evolutionary time (Rocha et al. 2001) , the existence of a general inter-species correlation between egg and paralarval biometry does not necessarily imply intra-species correlations. As in the fish case, parental diet seems to positively influence egg size and individual size at hatching in S. officinalis (Domingues et al. 2001; ; this latter variable determines subsequent growth rate in Octopus pallidus hatchlings, but in complex interaction with temperature (Leporati et al. 2007) . At last, variation in size at hatching has already been suggested as an important factor partially explaining the high size-at-age variability that characterises most cephalopods populations and this effect has been modelled (Pecl et al. 2004) . Therefore, the last aim of the present investigation is to determine to what extent different egg biometrical variables predict paralarval biometrical variables in the case of O. vulgaris fed different parental diets.
Materials and methods

Parental stock rearing conditions and experimental design
Fifty-four O. vulgaris adults, 29 females and 25 males, were collected during November 2003 along the Huelva coastal region (SW Spain) by an artisanal fishing boat using cephalopod pots. Female and male mean wet weights were 789.0 ± 73.9 and 801.9 ± 70.5 g, respectively. Adults were stocked in 6 breeding tanks (*5,000 L) at the Centro IFAPA 'Agua del Pino' aquaculture facilities. The stocking density was 9 individuals per tank. Sex ratio 29:25 was not statistically different from 1:1 (Chi square test with Yates correction for continuity: v 2 = 0.296, df = 1, p [ 0.05). Broodstock rearing and spawning period lasted from November to July. A flow-through system of seawater filtered to 25 lm was established with a turnover rate of 144 % of the tank volume per day. Animal disturbance were kept at a minimum, except for feeding and cleaning procedures. Water temperature of the breeding tanks rose from 15 to 20°C, salinity ranged from 35 to 39 psu, and photoperiod was natural and attenuated. Approximately, one pot per animal was placed into each breeding tank, and survival was high (*80 %). Dens were frequently checked, and spawning females were isolated and maintained at 20 ± 2°C until egg hatching, whereas salinity and photoperiod were as in the breeding tanks.
Three dietary treatments were established: crabs (Carcinus maenas), squids (Illex sp.) and pilchards (Sardina pilchardus); each diet was assigned to 2 breeding tanks. Animals were fed once in the morning. The initial ration was approximately set at 5 % of the biomass per tank (360 g of food per tank). Daily ration was periodically adjusted to the minimum quantity in excess. In this way, food ration was determined by animal demands on food, and at the same time, water quality was well preserved. Tanks fed the same diet received the same daily ration.
Sampling and biometrical procedures
Females were allowed to provide parental care to the eggs. Each spawn was sampled at days 10, 20 and 30 after isolation. Each sampling day, several egg strings were extracted from the spawning pot; afterwards, three strings were randomly chosen for biometrical measurements.
Ten eggs were chosen from string 1 to measure length (L) and width (l) under X40 magnification (Nickon Labophot microscope). Width was taken at the equatorial plane, and length was measured excluding the peduncle. Three string pieces (one from each string) were dissected and weighed, the string weight was subtracted and the obtained figure divided by the number of attached eggs to obtain a mean wet weight (WW). Surface area (S) and volume (V) of eggs were estimated assuming that eggs are prolate ellipsoids, thus:
where L is the length, l the width of the egg and e is the eccentricity. Eggs were inspected under microscope (409 and 1009 magnifications), photographed, and developmental stage was assigned according to Naef scale (Naef 1928) . When a precise decision was not possible, a minimum and a maximum stage was deduced and the egg sample was assigned the interval mid-point. A few strings showed eggs in apparently different stages and were discarded.
One-day productions of neonatal paralarvae were gently extracted from isolation tanks by siphoning into a cylindrical methacrylate flask. Ten paralarvae per spawn were randomly chosen for biometrical measurements. Each animal was placed onto a concave slide and exposed to seawater containing a couple of drops of a MgCl 2 0.41 M solution until swimming movements stopped, and soon after that, ventral mantle length (VML) and dorsal mantle length (DML) were measured under X40 magnification (Nickon Labophot microscope). Dry weight (DW) was measured to avoid variability in water contained into the paleal cavity. To measure palarlarval mean dry weight: (1) Whatman GF/C fibre-glass filters (4,7 cm Ø) were washed, drained, burnt at 450°C for 4 h, dried in silica gel for 45 min and weighed to the nearest 0.1 mg, (2) batches of 40 paralarvae were placed on Whatman filters, washed with ammonium formate 0.5 M and dried at 100°C for 24 h, (3) batch weight was obtained as the weight of each filter plus dried paralarvae minus the weight of the filter and (4) a mean dry weight per paralarvae was obtained by dividing by 40.
To summarise, samples from 4 spawns per diet were analysed. Whenever possible, a maximum of 3 egg samples, comprising several strings, were analysed from each spawn (days 10, 20 and 30); from each egg sample, 10 eggs were measured (L and l) and 3 determinations of the average egg wet weight were obtained. Nine spawns produced paralarvae: 3 from crab, 2 from squid and 4 from pilchard diet; for each spawn, 10 paralarvae were measured (DML and VML) and 40 ones were used to determine the average dry weight.
Standard thermal time scale for embryonic development of O. vulgaris based on Boletzky's data Thermal time is measured in 'days-degrees' (d-°C) and calculated from the following expression (Gilbert et al. 1976) :
where t is time is days, tt is the thermal time in day°C, T t is the temperature at day t in°C and Th is a threshold temperature in°C. In the present work, incubation temperature was nearly constant for one-day periods; thus, Eq. 1 was suitable to estimate thermal times. Whole-spawn thermal times were calculated from the: (1) daily temperatures inside incubation tanks and (2) dates for the onset of the spawning behaviour. The threshold temperature, Th, was calculated in the present work from previous data published by Boletzky (1974) . This author provided with data on the relationship between egg embryonic stage and time in O. vulgaris under several constant temperatures (13, 15, 20 and 25°C) . Based on these raw data, we applied Eq. 1 to each even Naef stage (II, IV, VI, …, XX) and so obtained a threshold temperature for each of these Naef stages (Fig. 1a) ; the average threshold temperature (Th = 10.2°C) was used to build a general thermal time scale for the embryonic development in O. vulgaris; finally, time X-axes in Boletzky's curves (1974) were transformed into a single thermal time X-axis, and a cubic polynomial model was fitted to the data (Fig. 1b , Boletzky's curve hereafter), yielding the equation (R 2 = 0.987):
Statistical analyses
A principal component analysis (PCA) was performed on a subpopulation of 26 egg samples (from 3 crab-diet, 3 squid-diet and 4 sardine-diet spawns) for which all the biometrical (L, l, W) and physiological time variables (Ns, tt) were recorded. Factors with eigenvalues higher than 0.5 were extracted using the correlation matrix, and a Varimax rotation was performed to clarify the interpretation of the factors. The ratio of cases/variables was 5.2, which is the minimum acceptable ratio for PCA (Hair et al. 1999 ).
Because biometrical variables were subjected to the joint effects of categorical (diet) and continuous (Naef stage or thermal time) factors, Ancova was the chosen statistical test for data analysis. In addition, as embryonic evolution of egg biometrical variables was markedly curvilinear, a nonparametric version of the test (Ancova on ranks) was performed (Quinn and Keough 2002 ). Ancova's were performed in a two-step way: firstly, lack of factor interaction was tested (equivalent to slope homogeneity in parametric Ancova), and secondly, if no significant interaction was found, factor effects were tested.
Local weighted regression (Lowess) was used in the present study to visually determine the evolution of egg biometrical variables throughout embryonic development. Lowess is a nonparametric regression method useful for smoothing noisy plots; no regression equation is provided, but a robust trend line can be obtained for the relationship between two variables (Quinn and Keough 2002) . Two factors with eigenvalues above 0.5 were extracted by the PCA; the cumulative variance explained was higher than 90 %. After a varimax rotation (Fig. 3b) , Factor 1 was more related to any of the physiological time variables (Ns, tt) and Factor 2 to egg length (L); the loadings of egg width and wet weight (l, ww) were intermediate in both factors. A plot of factor scores for each egg sample (Fig. 3a) separates the majority of sardine samples from the rest and establishes a clear separation between samples bellow and above Naef stage 10. As expected, the variables Ns and tt are redundant according to PCA, so that one or the other can be used to represent the physiological state of the eggs. The effects of maternal diet and development stage on egg biometry
Since PCA showed that Ns and tt were redundant variables, the first one was selected to analyse the effects of physiological time. In a nonparametric two-way ANOVA on egg biometry by maternal diet and Naef stage, the only factor that statistically affected egg length (L) was maternal diet (Table 1 ). The eggs from sardine diet were shorter than those ones from squid or crab diets. In the case of egg width (l), the only significant factor was the embryonic stage. Egg width increased through embryonic development and S/V decreased (Fig. 4) . At last, egg mean wet weight (WW) was influenced by both embryonic stage and maternal diet, increasing throughout embryonic development for any of the tested diets. The evolution of l, S/V and WW throughout embryonic development was not linear, but it can be described as two consecutive phases, as shown by Lowess regression (Fig. 4) . The first phase lasted from Naef stage 1 to some point between Naef stages 10 and 15; within this first phase, a slow swelling process was apparent. Afterwards, a slope change was apparent and a second linear phase characterised by an accelerated egg swelling was recorded. The swelling process proceeded so that the mainly affected variable was egg width (l), leaving egg length (L) nearly unchanged and eggs becoming more rounded in shape. As a consequence, the S/V ratio decreased and, at the same time, egg mean wet weight (WW) increased. Lowess regression suggested that in the second phase of the swelling process, the WW versus embryonic stage regression line had a steeper slope in the sardine diet when compared to slopes of squid and crab diets, but no statistical interaction was found. Therefore, the whole eggswelling pattern described above appeared to be quite independent of the maternal diet: parallel, two-phased regression lines can be suggested for different maternal diets, being the line for the sardine diet the lower located one and existing no statistical differences between the squid-diet and crab-diet lines (data shown in Fig. 4 ; analysis shown in Table 1 ).
A plot of WW versus tt (instead of Ns as the physiological time variable) is presented in Fig. 4e . Only egg samples whose Naef stage were not further than ±3 stages from those predicted by Boletzky's curve were used in Fig. 4e , since their thermal times can be estimated by taking the beginning of the spawning behaviour as the actual time origin. Twenty-seven egg samples met this imposed requirement, and a nonparametric two-way ANOVA on egg WW by parental diet and thermal time showed no significant effect of parental diet (df = 2, v 2 = 2.51, p = 0.285). As mentioned above, if Ns is used as the physiological time variable, the same ANOVA disclosed a significant effect of parental diet, probably because the sample with suitably assigned physiological times nearly doubled (49 egg strings). Interestingly, if the relationship between WW and tt is represented by a Lowess regression line for pooled data (irrespective of parental diet), the egg WW reported by Silva and Vidal (2006) about Brazilian O. vulgaris development is precisely predicted.
Biometry of newly hatched paralarvae and correlations with egg biometrical variables
Correlation between egg and paralarval biometry was tested using different egg-paralarva pairs of biometrical variables; L, l and WW at day 10 (approximately 100 d-°C) were used as egg variables, and DML, VML and DW was used as paralarval variables. The main results (Table 2 , Fig. 5 ) were as follows: (1) paralarval dry weight showed a high correlation to egg L and WW and (2) egg breadth (l) provided very poor correlations when compared to paralarval DW. Additionally, a one-way Anova on paralarval mean DW by parental diet showed a significant effect (p = 0.003), paralarvae from pilchard diet being smaller than those from crab diet or squid diet (0.23, 0.29 and 0.31 mg, respectively).
Discussion
Egg biometry as a proxy for paralarval biometry in O. vulgaris: implications for basic and applied research Offspring biometrical variables are much more easily measured than biochemical ones. The correlations between egg length, width or weight and the mean paralarval dry weight (DW) are actually used in some of the aforementioned articles (Table 3 ). The suitability of biometric variables to compare different spawns will depend on their Bold values indicate significant correlations variances and stabilities throughout the embryonic development. Out of the five variables analysed in Fig. 4 , two could distinguish among dietary treatments, that is, egg length and wet weight, and only egg length showed an extended period of constancy, from Naef stage 1 to approximately Naef stage 15. It is interesting to note that, in the case of the octopodid R. fontaniana, a period of egg length constancy was apparent from day 0 to approximately 35 days when incubation proceeded at 12°C, that is, until certain Naef stage between XI and XV (Uriarte et al. 2009 ), which is compatible with our data on O. vulgaris. Thus, it may be suggested that the more suitable biometric variable to compare egg sizes among spawns of O. vulgaris is egg length and, possibly, the same could be true for R. fontaniana.
The biometrical results presented in this work make it possible to predict the paralarval size of O. vulgaris at hatching from egg size (Fig. 5) . The correlation found between egg capsule length and paralarval dry weight is especially interesting, since it provides a way to predict paralarval weight which is independent of the embryonic stage of the egg, except for the last stages. This would be useful in field research, allowing an estimation of neonate dry weight from egg length in the wild, where it is difficult Another possible application of this biometrical correlation is in aquaculture research; O. vulgaris is presently under active investigation in order to achieve an efficient paralarval culture protocol; thus, predicting paralarval weight from egg features could be useful to the early assessment of spawning quality. Nevertheless, some restrictions must be kept in mind when applying the correlations found, mainly because resting metabolism increases with temperature (Clarke and Fraser 2004) , so a larger portion of the yolk will be spent in embryonic catabolism at higher temperatures, reducing embryonic growth (Bouchaud and Daguzan 1990) . In aquaculture facilities, temperature is usually under control, but the 'thermic history' of natural spawnings, jointly with egg size, will be important to determine paralarval size at hatching; this restriction will be more stringent when comparing spawnings from a wide spatial or temporal range.
Spawn incubation process in relation to physiological time scales
It is interesting to note that, when the incubation progress is represented by a Lowess regression of egg stage versus spawn thermal time, the obtained line is always below the Boletzky's curve (Fig. 2) , the gap being larger for crab and squid dietary treatments. On the one hand, the discrepancy between Boletzky's curve and Lowess lines could be explained by the asynchrony in egg-laying (Wells, 1978) , so that the egg mass incubation can be viewed as a dynamic process following the principle first-in, first-out. Provided that O. vulgaris egg-laying behaviour for a single spawn lasts over 7 days (Wells 1978) , a mixture of developmental embryonic stages could be found at any moment throughout the incubation period, and only the eggs spawned at the onset of spawning phase will show the maximal developmental stage within any checked sample. On the other hand, when a spawn comprises a reduced number of eggs, Swelling patterns for O. vulgaris were assessed on the basis of Ancova's results; for the remaining species, the assessment was based on visual inspection of the published results. Temp. temperature, L egg length, l egg width, V egg volume, W egg wet weight. Swelling pattern: -? a decreasing phase followed by an increasing phase; =? constancy followed by an increasing phase; ?? a slow increasing phase followed by a fast increasing phase; = constancy all the time the thermal time required to complete the spawning process and, subsequently, the thermal time to complete incubation and hatching should be reduced as well.
The effects of maternal diet on spawn incubation progress At least, three former papers have described the effect of maternal diet and/or ration on cephalopod egg size with heterogeneous results. In the species Euprymna tasmanica, the authors concluded that maternal ration correlated positively with egg size , whereas no effect of ration on egg size was found in I. pygmaeus (Lewis and Choat 1993) nor in Enteroctopus megalocyathus (Farías et al., 2011) ; in the last two species, the effect of low rations implied low fecundities instead of smaller eggs. This picture resembles that reported in arthropodfemales within populations, where food-stressed females lay smaller eggs in most of the species, but a number of species produce smaller or equally sized eggs, the reasons for this heterogeneity remaining poorly understood (Fox and Czesak 2000) . In the present investigation, the effect of low ingestion rates on egg size is more similar to that found by Steer et al. (2004) in E. tasmanica, despite being difficult to find a simple underlying factor in common to both species: on the one hand, the mode of life of O. vulgaris neonates is ecologically more related to those of I. pygmaeus, which are planktonic (Boletzky 2003) and, on the other hand, O. vulgaris is phylogenetically closer to E. megalocyathus.
In the present investigation, daily ration was determined by animal demands on food and only the kind of prey was determined by the investigators. As a result, daily ration per tank rose stepwise from 360 g tank -1 day -1 to maximum rations of 1,000 g tank -1 day -1 and 1,200 g tank -1 day -1 in the squid and crab diets, respectively, whereas it fell into 200 g tank -1 day -1 after the first week of feeding with sardine and kept that level since then. This is in agreement with the prey preferences published for O. vulgaris in the field (Caveriviére 2002) or in laboratory experiments (Cagneta and Sublimi 2000) .
The evolution of egg biometry throughout embryonic development
In O. vulgaris, egg chorion width is more prone to vary than egg chorion length during the swelling period, 40 % versus 2-8 % (depending on the diet), respectively (Fig. 4) . Similarly, in species with capsulated eggs, the relative variation in egg width is larger than that for egg length: for example, in I. pygmaeus (Natsukari 1970), S. subaculeata (Choe 1966) , L. vulgaris (Boletzky 1987) and L. forbesi (Boletzky 1987) , egg width increases by a 79, 58, 80 and 87 %, respectively, during embryonic development, and the egg length by a 68, 45, 30 and 79 %, respectively. In any event, in species possessing an egg gelatinous external envelope, the egg-swelling process is related to this envelope (Ikeda et al. 1993; Staaf et al. 2008; Villanueva et al. 2011) , this fact suggesting a difference in the underlying mechanism with respect to eggs without this structure, such as those laid by incirrate octopod species.
For six different spawns in the species O. mimus, it was found a chorion length increment ranging between 4 and 16 %, although 4 out of the 6 studied cases were between 4 and 6 % (Warnke 1999) , which is in good agreement with O. vulgaris data. This fact suggests a general difference in developmental biometric variation between capsulated and noncapsulated eggs, the former ones suffering a smaller variation in egg length than the latter; nevertheless, more data on noncapsulated egged species are needed. Cronin and Seymour (2000) found that biometrical variation of eggs of S. apama is important in maintaining a nonlimiting concentration of oxygen in the periviteline fluid throughout the embryonic development. In that respect, the approximately 20 % decrease in surface to volume ratio of eggs in late development here demonstrated, together with the massiveness spawns and the asynchronous development of eggs within a spawn, is expected to be a relevant factor affecting the rate of oxygen uptake in O. vulgaris spawns.
